Repetition rate stabilization of a mode-locked laser for generating intense laser-Compton scattering γ-rays has been investigated by means of a phase-locked-loop integral circuit and a microcontroller. The stability of the repetition rate has been improved by more than four orders of magnitude for 3000-s operation compared with that at free-run operation.
Introduction
Recently, progress in high-peak-power laser technologies such as chirped-pulse-amplification (CPA) has proven to be attractive for energetic particle generation via lasermatter interaction. A GeV-class electron bunch and a >40-MeV proton beam have been successfully produced [1, 2] by using strong laser fields (>10 18 W/cm 2 ) driven by a high-intensity short-pulse laser. In particular, progress has been made in the development of a laser-Compton γ-ray (LCS-γ) source with a combination of a laser system and a conventional electron accelerator [3] [4] [5] [6] [7] . A photon flux of ∼10 5 photons/s has been generated with energies of 1-10 MeV [3] . Here, the total flux of the LCS-γ's produced using a pulse laser and electron bunch can be obtained from the following equation:
where N e is the effective number of electrons in an electron bunch, N L is the effective number of photons in a laser pulse, f is the repetition rate of events, r 0 is the classical electron radius, and w 0 is the spot size at a collisional point. In particular, γ-ray beams have been used as a probe to detect isotopes of interest with nuclear resonance fluorescence (NRF) for industrial applications [8] . Because this technique can be applied to quantitative management of nuclear fuel, it is suitable for nuclear nonproliferation studies. A useful LCS-γ source for the nondestructive assay of nuclear fuel and minor actinides in spent nuclear fuel [9, 10] must produce a large number of γ-ray photons (∼10 13 photons/s). To achieve such intense γ-ray generation, large-current ultra-high-quality short-bunched electron beams are required. Also, >100-W average power laser pulses with high repetition rate (∼100 MHz) and narrow bandwidth (<10 −3 ) are required from the laser system before amplification with an enhancement cavity based on a Fabry-Perot interferometer. A fiber-based CPA laser system can not only provide a beam of high average power and high repetition rate [11] but also operate over a narrow band by optimizing the laser design [12] . We have developed a fiber-based 100-W-class laser system for the above application [12] . In particular, synchronizing laser pulses to electron bunches is essential to avoid degradation of γ-ray flux owing to timing mismatch between laser pulses and electron bunches. In this work, microcontrollerassisted stabilization of a repetition rate system for intense LCS-γ generation was performed. The laser cavity length fluctuation was highly compensated for over a time scale from 1 ms to >3000 s. This system would be useful for synchronizing picosecond laser pulses to picosecond electron bunches.
Stabilization of Laser Repetition Rate
Normally, synchronization between the master frequency source and the mode-locked laser repetition rate can be achieved by using an electromechanical control system [13, 14] . Here, the phase error signal can be detected by a phase comparison between the master frequency and the laser repetition rate signal, f rep = c/2L (where c is speed of light and L is cavity length between the end mirrors), which can be obtained by using a photodetector. Moreover, an electromechanical device such as lead zironate titanate (PZT) can be used to convert an electrical signal to a mechanical displacement. Therefore, it is possible to synchronize the master frequency source and the mode-locked laser repetition rate by properly configuring these devices. To compensate for frequency mismatch be-tween the laser repetition rate and the master frequency, a phase-locked loop (PLL) technique can be used. The PLL technique is a control technique, in which an output signal is generated whose phase is related to the phase of an input "master" signal. The PLL technique is widely employed in electronic applications such as radio communications. Figure 1 shows a typical block diagram of a heterodyne PLL: an electronic circuit consisting of a voltage controlled oscillator (VCO), a phase frequency detector (PFD), and a loop filter. This circuit compares the phase of the master signal with the phase of the signal converted from its output oscillator and adjusts the frequency of its oscillator to keep the phases matched. An error signal is obtained at the PFD. The signal from the PFD is used to control the oscillator in a feedback loop. Keeping the input and output phase in lock step implies keeping the input and output frequencies in lock step. The duty ratio of the error signal depends on the value of the frequency and/or the phase mismatch. The sharp error signal from the PFD is flattened by the loop filter to maintain high stability of the feedback loop. This processed signal is used as a control signal for the VCO. Here, the frequency of the VCO depends on the control voltage. Therefore, the frequency is controlled by the error signal and it is stabilized by repeating this loop. Because the low-pass filter acts as a loop filter, the low-frequency component is output and the highfrequency component is cut. This cutoff frequency is the loop bandwidth, and it is related to the repetition rate of the stabilization procedure. The mode-locked laser system, which includes a repetition rate control device such as a PZT actuator, is equivalent to the VCO. Therefore, the control system has very high affinity in the PLL, and the basic design of the repetition rate control of the modelocked laser system can also be treated as the PLL. repetition rate stabilization system. We used a Kerr-lens mode-locked Ti:sapphire laser oscillator as a test bench (see Fig. 3 ). The Ti:sapphire mode-locked laser oscillator provides 40-nm full-width half-maximum (FWHM) bandwidth with a repetition rate of f rep = 86.34 MHz. The average output power was 300 mW when the pump power from a green laser was 3 W. The laser pulse output was detected by a p-i-n photodiode (PD). This signal was amplified and bandpass filtered ( f BPF = 83±7 MHz) to detect the laser repetition rate. A double balanced mixer (DBM) was used for frequency conversion. This procedure provides amplification of the phase error sensitivity. Therefore, a low-jitter master oscillator is necessary for frequency conversion. We used a low-jitter frequency synthesizer (SMA100A, Rhode & Schwartz Co., Ltd.) as a primary master oscillator. This master oscillator was assisted by a Rb atomic timebase (FE-5680A, Frequency Electronics Co., Ltd.). The frequency of the master oscillator was set at f msr1 = 86.40 MHz. Here, the frequency-converted signal ( f rep -f msr1 ∼ 60 kHz) was low-pass filtered ( f c = 80 kHz) and digitized. A limit amplifier and Schmidt trigger circuit generated the digitized signal to drive a digital PFD. At the digital PFD, a digitized error signal was compared to a secondary master signal. A frequency-divided signal from the primary master oscillator was used as a secondary master signal source ( f msr2 = f msr1 /N = 60 kHz, N = 1440). Here, the digital PFD outputted a square-shaped phase-difference signal. If used as a control signal for laser cavity directly, this signal would generate jitter or influence the stability of the feedback system (i.e., PLL) by the steepness of the pulse edge. Therefore, the phase-difference signal must be flattened by a low-pass filter. The upper limit of the cutoff frequency (i.e., loop frequency) can be obtained by the response characteristic of the feedback loop. In our case, the resonance frequency of the piezo actuator dominated this response characteristic. The piezo actuator has a finite response time that is related to the resonance frequency f 0 . The resonance frequency f 0 is described by the following equation:
Experimental Setup and Results
where k is the piezo stiffness and M 0 is the mass of load. In our case, f 0 = 11 kHz is obtained by using a value of k = 50 N/µm for M-5522 (Mess-Tek Co., Ltd.) and M 0 = 0.01 kg for the mass of an end mirror. Then, the highest loop frequency should be set at lower than this resonance frequency. We used a third-order passive low-pass filter with a cutoff frequency of f c = 1.4 kHz. The filtered error signal was provided to a buffer amplifier and an assist regulator. We used a microcontroller (MCU) as an assist regulator. A MCU is a small computer on a single integrated circuit containing a processor core, memory, and programmable input/output peripherals such as an analog-digital converter and/or digital-analog converter, and a MCU-based assist regulator can provide highly precise controllability and long-term stability. In the developed system, the assist ratio between the assist regulator and the buffered signal was 5:1, corresponding to 900 Hz:170 Hz for the control range of the repetition rate. This processed control signal was provided to a piezo actuator (Mess-Tek M-5522), which was placed at an end mirror of a Ti:sapphire mode-locked laser.
To evaluate frequency deviation, we used a frequency counter (53230A, Agilent Technologies Co., Ltd.). A rubidium atomic timebase (FE-5680A, Frequency Electronics Co. Ltd.) was used as a frequency counter timebase. Figure 4 shows the stability of the repetition-raterepresented Allan standard deviation σ y (τ), which has been universally used to evaluate the stability of signal 4404100-3 sources [15] . The Allan standard deviation is defined as
where τ is the observation period and y n is the nth fractional frequency average over the observation time τ. We took 1000 data points per plot. Comparing between stabilization ON and OFF conditions, we see that stability of the frequency was improved within the loop frequency ( f loop = 1.4 kHz). Here, fluctuation of the laser cavity length can be estimated by using the relationship between cavity length change and repetition rate change: δL/L = δ f rep / f rep . For τ = 1 s, variations in the cavity length were highly compensated for from 3 × 10 −8 to 2 × 10 −12 , indicating that a 0.1-µm cavity length fluctuation was reduced to only 2 picometer by using this system. We also investigated long-term stability. Figure 5 shows the repetition rate shift from the target frequency ( f = 86.34 MHz) as a function of operating time. With stabilization OFF (i.e., free-run condition), the repetition rate fluctuation was estimated to be ∼80 Hz for 3000 s. We attribute this fluctuation mainly to background temperature fluctuation and thermal expansion of the baseboard (with 80 Hz being equivalent to a ∼3-µm displacement for a 86.34-MHz repetition rate, which is equivalent to a ∼0.2
• C thermal fluctuation in the steel, which reasonably matches our room temperature fluctuation). We confirmed that the stability of the repetition rate is improved by more than four order of magnitude. The long-term laser cavity fluctuation is also highly compensated for by installing this stabilization system. In particular, we confirmed improvement of long-term repetition rate stability by comparing operation with assist regulation and normal PLL operation (i.e., without an assist regulator). Under normal PLL operation, the original control range of the repetition rate was increased from 170 to 900 Hz by increasing the buffer amplifier gain and no assist regulator operation. We clearly observed improvement of the feedback loop stability by installation of a MCU-based assist regulator.
Summary
A repetition rate stabilization system for a mode-lock laser based on a heterodyne PLL has been developed. By using the PLL technique, the cavity length fluctuation has been highly compensated for on the millisecond time scale, which corresponds to a loop frequency of f loop = 1.4 kHz. Moreover, the stability of the repetition rate has been improved by more than four orders of magnitude for 3000 s by installing this system compared with that under freerun operation. This system would be able to compensate for cavity length fluctuation from not only mirror assembly vibration but also from mirror assembly temperature distortion for stable intense γ-ray generation.
